ABSTRACT Localization of linear frequency modulation (LFM) source based on combination of timefrequency analysis and a spatial spectrum estimation technique has received extensive research. However, this scheme is always confined to far-field sources and suffers from high computational cost. In this paper, by performing the fractional Fourier transform to multiple incoherent LFM signals, a fast and closed-form algorithm based on phase difference is proposed for 3-D source localization under a uniform circular array. First, the phase relationship among sensors' maximum outputs in fractional Fourier domain is exploited to construct indefinite equations, and then the least square method is employed to estimate the source's azimuth angle, elevation angle, and range simultaneously. Finally, comparing with current approaches, the satisfactory performance of our proposed algorithm is demonstrated, and the effectiveness for dealing with mixed far-field and near-field sources is also confirmed. 
I. INTRODUCTION
Wideband linear frequency modulation (LFM) signals play important roles in the field of wireless communication, electronic reconnaissance and sonar, etc. [1] , [2] . Due to its extensive application, passive source localization using an array of sensors has received considerable attention, especially for far-field situation [3] , [4] . For localization of wideband sources, traditional methods such as incoherent signal subspace methods (ISSM) and coherent signal subspace methods (CSSM) [5] , [6] decompose the incident wideband signals into narrowband components, and then realize wideband source's direction of arrival (DOA) estimation with incoherent or coherent techniques. However, as these methods need to cope with several subbands by repetitiously using spatial spectrum estimation methods, they would suffer from high computational load.
To circumvent this deficiency, by utilizing the energy concentration property of LFM signals in fractional Fourier domain, a series of novel parameter estimation approaches based on the fractional Fourier transform (FRFT) have been proposed [7] , [8] , which only need once subspace-based algorithms (like multiple signal classification (MUSIC) or rotational invariance technique (ESPRIT). Even so, current literatures largely focus on far-field DOA estimation under uniform linear array and do not consider near-field situation.
Near-field source localization is also a key topic in various fields and receives growing attention [9] , [10] . Currently, a fast phase-based 3-D localization scheme for nearfield mono-frequency sources has been proposed in [10] . Notwithstanding, this novel scheme has not been extended to LFM signals.
Accordingly, by combining FRFT-based DOA estimation method and fast phase-based scheme, this letter presents a closed-form algorithm to achieve multiple incoherent LFM sources' 3-D localization under a uniform circular array (UCA). Herein, we first search the peak points of all sensors' outputs in fractional Fourier domain. Then, phase differences of adjacent sensors' outputs are computed, which can be reformulated as indefinite equations. Finally, the least square (LS) approach is employed to achieve sources' 3-D parameter estimation simultaneously. As the proposed algorithm does not need to decompose the signal into several narrowband components in frequency domain and the subspace-based methods are also avoided, it is computationally simple. Simulation experiments are performed to illustrate the performance of the proposed algorithm, which is compared with the 3-D MUSIC estimator based on FRFT and ISSM methods in terms of estimation performance as well as computational complexity, and the effectiveness for dealing with mixed far-field and near-field sources is also confirmed. 
II. SIGNAL MODELING
Consider a UCA in the xy-plane with radius R and M + 1 identical omnidirectional sensors impinged by P incoherent LFM sources; its geometry is shown in Fig. 1 . The pth LFM source is located at (φ p , θ p , r p ), where the azimuth angle φ p ∈ [−π, π) is measured counterclockwise from the x-axis, the elevation angle θ p ∈ [0, π/2) is measured downward from the z-axis, and the range r p is measured from the center of the UCA. The observed signal at the mth sensor is given by 
where
According to a second-order Taylor series expansion for R r p [10] , r m,p (φ p , θ p , r p ) for m = 1, 2, . . . , M can be well simplified as
For far-field sources, r m,
The vector form of all sensors' outputs can be expressed as
T denotes the transpose operator and
It can be noticed that the steering vector is time-varying, and then the traditional narrow-band technologies are inapplicable.
III. PROPOSED ALGORITHM
By using the energy concentration property of LFM signal in fractional Fourier domain, its peak outputs after FRFT are exploited to form a new array data vector with timeinvariant direction matrix, and a phase-based algorithm is then employed to implement sources' 3-D localization.
A. NEW SIGNAL MODEL BASED ON DISCRETE FRFT
The FRFT of signal s(t) is defined as
where q is the order of the FRFT, F q [·] denotes the FRFT operator and K q (t, v) is the kernel function of the FRFT, which is given by
where k is integer, α = qπ/2 is the rotation angle and δ(t) means unit impulse function. Assuming that N sample points is obtained by sample rate f s , the output of central sensor without noise is (8) for n = −(N −1)/2, · · · 0, · · · , (N −1)/2. According to [12] , the discrete FRFT of s p (n) with rotation angle α is represented as
Similarly, the discrete FRFT of other sensors' outputs for the pth LFM signal can be expressed as S m,p (α, ν) and the related peak points are (α m,p , ν m,p ). It is well known that the chirp rate of the pth LFM signal is invariable for time delay, only the initial frequency and phase are changed. Hence, the abscissas of peak points corresponding to the same rotation angle keep constant, which means α 0,p = α 1,p = · · · α M ,p and referring to [4] , the ordinates of peak points are expressed as ν m,p = ν 0,p + f s τ m,p cos α 0,p . In addition, the related outputs of peak points can be given by
Since the square of time delay τ 2 m,p is quite small, the modulus A m,p can be well approximated as
Note that the steering vector of new signal model is time invariable, traditional methods for narrowband signals can be employed to achieve source's localization. Moreover, as all peak outputs of sources are exploited to reconstruct new signal model, coherent LFM sources which seem to be inseparable in time-frequency plane are inapplicable.
B. LFM SOURCES' 3-D PARAMETER ESTIMATION BASED ON PHASE DIFFERENCES
Based on the new signal model of discrete FRFT outputs, current literatures utilize spectrum peak search technologies like MUSIC method to obtain source's parameters [4] , [7] . However, for source's 3-D localization, these approaches suffer from serious computational cost. Therefore, we consider a correlation function here, which is defined as
for m = 1, 2, · · · , M − 1, where (·) * denotes the complex conjugate, and
where κ is integer.
Assuming that unambiguous situation with κ = 0, substituting (3) into (12) yields
Note that the phase angle u m,p can be reformulated as the form of matrix multiplication, which is expressed as
with
The Note that only the matrix D includes the parameters of azimuth angle, elevation angle and range. Then by employing the LS method, the optimal solution of D can be obtained as
As a result, the estimates of (φ p , θ p , r p ) can be obtained from (17) asφ
For the ambiguous situation, we have recently proposed an effective ambiguity resolving algorithm aiming at narrowband signals in [11] , and it is well feasible in this letter. Moreover, it should be pointed out that this fast algorithm can be also applied in the localization of narrowband signals, where the FRFT just converts to the Fourier transform with rotation angle α = π/2. Further, this algorithm could even deal with mixed near-field and far-field sources' localization. Therefore, our proposed algorithm can be well implemented in practical application.
The procedure of our proposed algorithm could be summarized as step 1 Compute the direct FRFT of central sensor's receiving data and employ effective methods to search the peak points (α 0,p , ν 0,p ) in the time-frequency plane. 
IV. SIMULATION
In this section, we carry out simulations to analyze the estimation performance and computational complexity of our proposed algorithm for incoherent LFM sources' 3-D parameter estimation, and compare it with that of 3-D MUSIC methods based on FRFT and ISSM. Moreover, considering the scenario of mixed far-field and nearfield sources, the effectiveness of our algorithm is also confirmed.
A. EFFECTIVENESS AND PERFORMANCE ANALYSIS OF OUR PROPOSED ALGORITHM
Without loss of generality, a UCA with M = 13 sensors and fixed radius R = 1 m is used in the simulation. Two incoherent LFM sources with identical amplitude are considered.
The initial frequency as well as bandwidth of the first LFM source are f 1 = 500 MHz and B 1 = 10 MHz; The second set are f 2 = 400 MHz and B 2 = 20 MHz. The signal-tonoise ratio (SNR) is 10 dB and sampling number N = 1000 with sampling rate f s = 2 GHz are recorded. Fig. 2 shows the 2-D spectrum of continuous rotation angles FRFT of received signal on the central sensor. It can be seen from the diagram that there are two obvious peaks which correspond to the shock pulses of two distributed LFM sources. To verify the effectiveness of our proposed algorithm, three hundred Monte Carlo runs are performed to obtain the average root mean square errors (RMSEs) of 3-D parameter estimation for this two LFM sources which are located at (100. It can be noticed from Fig. 3 that all three methods can achieve LFM sources' 3-D parameter estimation with satisfactory accuracy under high SNR, and the DOA estimation performance of our proposed algorithm is analogous to the 3-D MUSIC estimator based on the same FRFT and superior to the consistent approach on the basis of ISSM. Under low SNR, by using our proposed algorithm, the average RMSE of sources' range estimation is inferior to the above two methods, but when the SNR is more than 5 dB, the situation is similar to the performance comparison of angle estimation. In case of computational complexity, the elapsed CPU time of our proposed algorithm, 3-D MUSIC method based on FRFT and ISSM for a single run are measured as 1.45s, 48.45s and 298.89s, respectively. It is noteworthy that the computational time of our proposed algorithm is much less than the 3-D MUSIC method and the parameter estimation based on FRFT is improved comparing with ISSM in computational cost. The conclusion could be reached that our proposed algorithm is analogous and even superior to the traditional 3-D MUSIC algorithm in estimation performance under high SNR, and has obvious advantage in computational complexity.
B. EFFECTIVENESS OF MIXED NEAR-FOELD SOURCES' LOCALIZATION
In this simulation, we study the effectiveness of mixed nearfield and far-field sources' localization by using our proposed algorithm. It is well known that near-field sources demand the condition 0.62(
, where D is the array aperture. The range of previous near-field source with initial frequency f 1 = 500 MHz is set as 50m here and other experimental parameters keep unchanged. Substituting D = 2R = 2 m and λ = 0.6 m into the condition, we can find the new range is much larger than the maximum, which is approximated to 13.33m. Three hundred Monte Carlo runs are performed to obtain the estimation distribution of mixed sources' location.
As shown in Fig. 4 , the 3-D parameter estimation of nearfield source can be well estimated. However, the estimation of the far-field source's range is instable and incorrect, but the angle estimation is still effective. Assuming that mixed sources could be repetitiously located, by observing the stability of sources' range estimation and comparing the estimation mean with the upper bound of near-field source' range, our proposed algorithm could largely discern mixed sources and well achieve sources' localization. Further, under the same experimental parameters, we employ RMSE versus source's range to study the threshold of accurate range estimation. It can be seen from the Fig. 5 that the RMSE of estimation accelerates when the source's range is larger than the upper threshold of near-field source's range and the RMSE is too much to retain effectiveness of range estimation. 
